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DECLINING SLEEP DURATION IS COMMONLY CITED AS THE REASON THAT DAYTIME SLEEPINESS EMERGES IN ADOLESCENTS (C.F.
1 ), I.E., ADOLESCENTS ARE BECOM-ING sleepy because they are becoming sleep deprived. It is certainly the case that sleep schedules change dramatically with age across adolescence. Compared to younger children, adolescents delay their bedtimes but wake up as early or earlier due to school schedules. This pattern is widespread in developed nations. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] It results in reduced time in bed and sleep duration. Actigraphy and polysomnography studies have documented reductions of about 1 hour in total sleep duration on school days across adolescence (reviewed in 12 ). However, there is evidence that declining sleep duration is not the sole factor responsible for the development of daytime sleepiness in adolescence. In a study that fixed time in bed at 10 hours for both adolescents and preadolescents, adolescents had total sleep times as long as those of preadolescents but still had shorter sleep latencies in Multiple Sleep Latency Tests (MSLT), indicating increased sleepiness. 13 Thus, adolescents had greater daytime sleepiness without decreased nocturnal sleep duration. This study indicates that some maturational factor must also play a role in the development of adolescent daytime sleepiness. This maturational factor could be a change in circadian or homeostatic regulation or a separate brain maturational change that reduces daytime arousal levels.
In addition to changes in sleep schedule, sleep duration, and daytime sleepiness, the sleep electroencephalogram (EEG) undergoes dramatic developmental changes during adolescence. The most well-described adolescent EEG change is a steep decline in non-rapid eye movement (NREM) slow-wave EEG (delta) activity.
14, 15 We have proposed that this decline is one component of a widespread brain maturational process driven by synaptic pruning. 15, 16 According to our model, declining synaptic connectivity decreases the intensity of waking brain activity and, therefore, cerebral metabolic rate. It is now becoming recognized that the need for the sleep-dependent recuperation depends not only on waking duration, but also on the intensity of waking brain activity. 17, 18 A decrease in the intensity of waking neuronal activity should reduce the need for the recuperative processes of sleep and thus reduce the NREM delta intensity. We recently reported that delta EEG activity is constant between ages 9 and 11 years but declines steeply between ages 12 and 14 years. 19 Another prominent change of adolescence is pubertal development and the associated hormonal changes driven by reactivation of gonadotropin-releasing hormone secretion. 20 We found that the delta EEG decline between ages 12 and 14 is strongly related to age but is independent of pubertal development. 19 Here we hypothesize that increasing daytime sleepiness is related to this decline in slow-wave EEG. Prior to adolescence, nocturnal sleep is very deep, waking brain activity (metabolic rate 21 ) is very intense, and daytime sleepiness is normally absent. As the intensity of waking brain activity diminishes across adolescence, daytime sleepiness emerges. If our hypothesis is correct, daytime sleepiness in adolescents should be related to the decline in NREM delta power.
Thus, we propose that sleep-schedule changes and brain maturational processes independently contribute to the development of daytime sleepiness. Most previous studies on adolescent sleep have been cross-sectional. Longitudinal studies can more effectively determine how the development of sleepiness relates to changes in other variables. Thus the main goal of this study is to use longitudinal data to test the hypothesis that increasing sleepiness in adolescence is related to declining delta EEG independently of sleep-schedule changes. We also describe longitudinally measured changes, from ages 9 to 12 and 12 to 15 years, in the following variables: subjective daytime sleepiness, sleep schedule, sleep duration, and slow-wave EEG power.
METHODS
The data presented in this paper are from the first 6 semiannual recordings of our longitudinal study of sleep changes across adolescence.
Subjects
Subjects for this study were recruited with newspaper advertisements and word of mouth. Before enrollment, subjects were screened via a medical interview with the parents. Exclusion criteria included history of neurologic or psychiatric illness, sleep disorder, immediate family member with psychiatric illness, and illness requiring medication that affects the central nervous system. Urine tests for drug use were conducted at the time of each recording. Data here are from 69 subjects in 2 cohorts. We began recording the C9 (n = 31, 16 female, 15 male) cohort at approximately 9 years of age. We began recording the C12 (n = 38, 19 female, 19 male) cohort at approximately 12 years of age. Mean ages for the 2 cohorts at each of the 6 recordings are presented in Table 1 . The UC Davis Institutional Review Board approved all procedures. Subjects were paid for their participation in the study.
Experimental Design
Sleep EEG was recorded semiannually in the subjects' homes using Grass H2O ambulatory EEG recorders (Astro-Med, Inc.
West Warwick, RI). Sleep EEG was recorded for 4 consecutive nights. For the first 2 nights, the subjects maintained their habitual weekday bedtime and rise time. On the third and fourth nights, subjects kept their habitual weekday bedtime but were asked to sleep as late as possible on the following morning. For the 5 days prior to the recording, subjects maintained their habitual weekday sleep schedule and did not nap. Actigraphy watches (Minimitter A16 Actiwatch, Mini Mitter Co., Inc., Bend, Ore) confirmed subject compliance. Subjects who deviated from their habitual schedule were rescheduled for recording in a subsequent week.
Electrode Application and EEG Recording
Trained UC Davis undergraduates traveled to the subjects' homes to apply electrodes in the evenings before EEG recordings. Parents removed the electrodes in the morning. EEG electrodes were applied at Fz, Cz, C3, C4, O1, and O2 with A1 and A2 mastoid electrodes. Electrooculogram electrodes were applied at the left outer canthus and right outer canthus and referred to a forehead electrode. One ground electrode was applied to the face and another to the head. Electrode impedance was less than 5 KΩ at the start of the recording. The Grass H2O system uses the mean of all EEG electrodes as the reference. Electrode pairs, such as C3-A2, are obtained by subtraction (C3-reference minus A2-reference). The H2O recorder digitized all signals at 200 Hz and stored data to a removable hard disk for later analysis. We recently published a frequency response curve for the H2O recorder filters. 22 The low-frequency filter is a single-pole, 0.3-Hz, one-half amplitude filter.
Sleep EEG Analysis
EEG data from the removable hard disk of the H2O were copied to the lab computer and analyzed with PASS PLUS (Delta Software, St. Louis, MO). Using an on-screen display of the digitized data, a trained rater scored each 20-second epoch as non-rapid eye movement (NREM), rapid eye movement (REM), stage 1 sleep, wake, or movement based on modified Rechtschaffen and Kales criteria. 23 Independently of vigilance stage, epochs were scored for the presence of artifacts. A second rater checked the scoring and a third experienced rater reconciled any discrepancies.
Spectral analysis was performed on all artifact-free epochs in the first 5 hours of NREM sleep on baseline nights 1 and 2. Analysis was limited to the first 5 hours of NREM to control for changing sleep duration with age. Night 3 also provided baseline data because the first 5 hours of NREM preceded sleep extension. Night 4 data were not used for this report. The data point at each semiannual recording for each subject was the mean of the subject's baseline nights. Fast Fourier transform (FFT) parameters were as follows: 5.12-second Welch tapered windows with 2.62 seconds of overlap yielding 8 windows per 20-second epoch. These FFT parameters do not yield integervalue frequency-band limits. We define delta as 0.98 to 4.03 Hz and, for simplicity, will refer to it as 1 to 4 Hz. NREM delta power density is 1 to 4 Hz power divided by the number of minutes of artifact-free epochs.
All-night NREM duration, REM duration, and total sleep time were calculated from the visual scoring of the EEG. The sleep extension on night 3 affected these measures; therefore, only nights 1 and 2 were used for sleep-duration calculations. For nights 1 and 2, we also calculated all night 1 to 4 Hz power (total delta power, not power/min) in all artifact-free NREM epochs (i.e., not limited to the first 5 hours) using the above FFT parameters.
Pubertal Maturation Ratings and Age
Within 1 month of the EEG recording, subjects visited a physician who, during a physical exam, rated subjects' pubertal maturation using the Tanner-stage guidelines. 24 The same physician performed all evaluations. Girls are rated on a 5-point scale for breast development and a 5-point scale for pubic hair growth. Boys are rated on a 5-point scale for genital development and a 5-point scale for pubic hair growth. For both girls and boys, the Tanner-stage score at each semiannual recording, shown in Table  1 , is the average of the 2 ratings.
Age to the nearest day was also calculated at each recording session. For graphic display of the data in Figures 1 to 4 , means are plotted for each recording session versus the average age at that recording session. For statistical analysis, age is a continuous, not a categorical, variable.
Sleepiness ratings
In current sleep research, daytime sleepiness is measured objectively by determining how quickly a subject can fall asleep (MSLT 25 ) or, less frequently, by how long a subject can remain awake (Maintenance of Wakefulness Test 26 ) with EEG recorded in repeated sessions during the day. Sleepiness can also be measured with subjective ratings. The most widely used instrument, the Epworth Sleepiness Scale 27 asks subjects how likely they are to fall asleep in various situations. Slightly adapted versions of this questionnaire have been used to measure sleepiness in adolescents, and the reliability has been demonstrated. 3, 28 The objective and subjective approaches measure different aspects of sleepiness. The objective MSLT and Maintenance of Wakefulness Test measures determine sleep propensity in a laboratory on the day of testing. In contrast, the Epworth Sleepiness Scale estimates sleep propensity in everyday life over a period of time. 29 During the week of recording, subjects completed a sleepiness questionnaire based strongly on the Epworth Sleepiness Scale. 27 The questionnaire asked subjects to consider their daytime sleepiness in the previous 2 weeks and to evaluate their likelihood of falling asleep in various everyday situations. The Epworth scale was slightly altered to make it appropriate for adolescents by replacing the question about falling asleep in a car stopped in traffic with 2 questions about falling asleep in school. The first asked how likely the subject was to fall asleep in class while the teacher was talking, and the second question asked how likely the subject was to fall asleep in class while working on his or her own. The additional question makes our questionnaire a 27-point scale rather than the original 24-point Epworth Scale.
Sleep Schedule Recordings
Subjects' sleep schedules were estimated in 2 ways. The subjects reported their habitual sleep schedules on a questionnaire that asked for bedtime and rise time. The subjects' bedtimes and rise times were also determined from the actigraphy recordings for the 3 nights prior to each recording.
Statistical Analyses
Mixed-effect analysis is particularly suited for longitudinal data. 30, 31 This statistical analysis is similar to regression but uses repeated measurements to model change within an individual. The output of linear mixed-effect analysis provides an estimate of the intercept and the slope of the relationship between the outcome variable and the predictor variable. The F and P values reported in this paper are for the slope and test for a significant relationship between outcome and predictor variables. The predictor variable is "centered" prior to analysis so that the intercept is meaningful. 32 For example, when analyzing the relationship between sleepiness and age in the C12 cohort, we subtracted 12 from all ages so that the intercept is an estimate of sleepiness at age 12 rather than at age 0.
We applied mixed-effect analysis (SAS proc MIXED, SAS Institute, Inc., Cary, NC) to determine whether changes in sleepiness, EEG measures, and sleep-schedule measures were related to age and to describe these relationships. We also used mixedeffect analysis to test, within subjects, for relationships between changes in sleepiness and changes in EEG measures and between changes in sleepiness and changes in sleep schedule. The initial mixed-effect analyses showed a significant interaction between age and cohort. Therefore, we separately analyzed the C9 and C12 cohorts. Because of the large number of statistical tests, we adopted an α of 0.01.
RESULTS

Sleepiness Increased with Age
As shown in Figure 1 , across the 3 years of data collection, sleepiness increased with age in both the C9 and C12 cohorts (F 1,149 = 12.6, P = 0.0005 and F 1,186 = 42.1, P < 0.0001 respec- Figure 1 -Mean (± SEM) subjective daytime sleepiness rating plotted against subject age at each of 6 recordings for the C9 cohort (•) and the C12 cohort (▲). After an initial dip, sleepiness increased significantly with age in cohort C12. The increase with age in the C9 cohort was due to a large increase from the fourth to fifth recording.
Adolescent Sleepiness Linked to EEG Decline-Campbell et al tively). In the C9 cohort, sleepiness did not change significantly with age over the first 4 recordings (mixed-effect analysis using only recordings 1-4, F 1,88 = 1.1, P = 0.31) but increased substantially between the fourth and fifth recordings. In the C12 cohort, following an initial nonsignificant (paired t-test of first and second recording, P = 0.37) dip, sleepiness increased linearly. The linear mixed-effect analysis of the C12 data estimated the following relationship between sleepiness and age over the entire 12-to-15-year age range: Epworth sleepiness rating at age 12 was 4.7 (± 0.66, SEM) points and increased 1.2 (± 0.2) points per year. Despite the robust increase in sleepiness between ages 12 and 15, the mean Epworth sleepiness rating at each of the 6 recordings remained in the range typical for normal subjects and was well below scores seen in patients with apnea or narcolepsy. 27 
Sleep Schedules Changed with Age Bedtimes
As shown in Figure 2 , bedtimes became later with age. The trends were very similar for actigraphy and self-reported bedtimes, but the actigraphy-determined bedtime averaged about 30 minutes later than self-reported bedtime. Evaluated with mixed-effect analysis, the C9 self-reported bedtime (21:03 ± :06 at age 9) became 12.9 (± 1.8) minutes later each year (F 1,149 = 50.6, P < 0.0001). The C9 actigraphy-determined bedtime (21:34 ± :07 at age 9) became 15.4 (± 2.2) minutes later each year (F 1,144 = 48.9, P < 0.0001). In the C12 cohort, self-reported bedtime (21:33 ± :06 at age 12) became 18.5 (± 1.8) minutes later per year (F 1,183 = 106, P < 0.0001), and the actigraphy-determined bedtime (21:58 ± :07 at age 12) became 19 (± 2.2) minutes later per year (F 1,172 = 74.6, P < 0.0001).
Rise times
Age trends in rise times were much less pronounced than the age trends in bedtimes. In C9, neither self-reported (F 1,149 = 0.2, P = 0.70) nor actigraphy-determined (F 1,144 = 5.0, P = 0.026) rise time changed significantly with age. In C12, self-reported rise times did not change significantly with age (F 1,182 = 0.03, P = 0.87), but the actigraphy-determined rise times (07:03 ± :06 at age 12) became 8.5 (± 2.7) minutes later per year (F 1,172 = 9.7, P = 0.0021). Actigraphy rise time was about 15 minutes later than self-reported rise time. Mixed-effect analysis can distinguish the relationship of multiple time-linked variables. We evaluated the relationship of rise time to both age and bedtime. In C12, with bedtime controlled, actigraphy-determined rise time was unrelated to age (F 1,171 = 0.00, P = 1). In contrast, with age controlled, rise time became 27 (± 4) minutes later for every hour delay in bedtime (F 1,171 = 54.88, P < 0.0001). Applying the same analysis to self-reported rise time gave similar results. With age controlled, rise time became 30 (± 5) minutes later for every hour delay in self-reported bedtime (F 1,181 = 36.24, P < 0.0001).
Time in Bed
Calculated as the time between bedtime and rise time, both actigraphy and self-reported time in bed decreased in both cohorts. In C9, self-reported time in bed decreased 13.7 (± 2.0) minutes per year (F 1,149 = 47.5, P < 0.0001) from 607 (± 6) minutes at age 9, and actigraphy-determined time in bed decreased 10.5 (± 2.4) minutes per year (F 1,144 = 19.6, P < 0.0001) from 580 (± 6) minutes at age 9. In C12, self-reported time in bed decreased 18.8 (± 6.7) minutes per year (F 1,182 = 53.1, P < 0.0001) from 564 (± 7) minutes at age 12, and actigraphy determined time in bed decreased 10.2 (± 2.7) minutes per year (F 1,172 = 14.22, P = 0.0002) from 545 (± 6) minutes at age 12.
Sleep Duration Declined with Age
Total sleep time on school nights, measured polygraphically as NREM + REM duration, declined significantly across the 3 years of recording in both C9 and C12 (F 1,149 = 14.5, P = 0.0002; F 1,179 = 12.4, P = 0.0006). In C9, total sleep time declined 6% from a mean of 522 (± 6) minutes at the first recording at age 9 to 490 (± 8) minutes at the sixth recording at age 12 ( Fig 3A) . In C12, between the first and sixth recordings (ages 12 to 15), total sleep time declined 3.6% (472 ± 6 minutes to 455 ± 7 minutes) (Fig 3A) . In C9, the NREM duration decline (Fig 3B) was entirely due to a 26-minute drop between the fifth and sixth recordings, and the decline over the 3 years did not reach significance (F 1,149 = 4.6, P = 0.033). In C12, NREM duration (F 1,179 = 7.3, P = 0.0076) declined significantly between ages 12 and 15 ( Fig 3B) . REM sleep duration declined across the 3 years of recording in C9 (F 1,149 = 10.8, P = 0.0013) and in C12 (F 1,179 = 11.1, P = 0.0011) ( Figure 3C ).
NREM EEG Power Density Declined with Age
Delta power density (DPD) showed a significant negative relationship to age in both C9 (F 1,153 = 10.2, P = 0.0017) and C12 (F 1,188 = 355, P < 0.0001). In C9, DPD was stable between ages 9 and 11 and then declined between ages 11 and 12 (Fig 4A) . In the C12 cohort, DPD declined linearly from age 12 to 15 years (Figure 4A) . The mixed-effect analysis estimated that DPD declined at a rate of 10,300 (± 500) µV 2 seconds per year from 69,400 (± 3,300) µV 2 seconds at age 12. The DPD decline was remarkably steep across this age range, dropping 42% over the 3-year period between the first and sixth recordings.
The decline in the EEG power density was not limited to the delta frequencies. In C12 between ages 12 and 15, power density declined significantly in all frequency bands analyzed between 0.3 and 30 Hz. Between ages 12 and 15, theta (4-8 Hz) power density declined significantly (F 1,188 = 272, P < 0.0001) at a rate of 1,100 (±100) µV 2 seconds per year from 7,900 (± 400) µV 2 seconds at age 12. The 40% decline in theta power density between ages 12 and 15 ( Figure 4B ) was as large as that in DPD. It is important to note that, although DPD did not decline significantly in the 4 recordings between 9 and 11 years, theta power density declined significantly (F 1,92 = 18.7, P < 0.0001) across the same age range.
As would be expected from the NREM DPD decline and NREM duration decline, total baseline NREM delta power (Figure 4C ) declined significantly with age in both the C9 (F 1,149 = 10.9, P = 0.0012) and C12 (F 1,179 = 272, P < 0.0001) cohorts. Over the 3-year period, the average total NREM delta power declined by 10% in C9 and by 44% in C12.
Relationships Between Sleepiness and Other Time Dependent Variables
In C9, sleepiness was related only to age (F 1,149 = 12.6, P = 0.0005). Sleepiness was not related to changes in pubertal stage Adolescent Sleepiness Linked to EEG Decline-Campbell et al or to any sleep-schedule variable, sleep-duration variable, or EEG variable. Table 2 shows that the story was different for C12. In this cohort, sleepiness was significantly related to pubertal stage, self-reported time in bed, self-reported bedtime, actigraphy-determined bedtime, DPD, all-night total delta power, and theta power density. Sleepiness was not related to self-reported or actigraphydetermined rise time or to actigraphy-determined time in bed. Curiously, daytime sleepiness was not significantly related to the changes in sleep-duration measures (NREM minutes, REM minutes, total sleep time) in either cohort.
Adolescent Sleepiness Linked to EEG Decline-Campbell et al As stated above, mixed-effect analysis can determine the relationship between an outcome variable (sleepiness) and multiple time-dependent predictor variables. For both C9 and C12, age was the dominant predictor variable for sleepiness. With age controlled, DPD, sleep-duration measures, sleep-schedule measures, and sexual maturation were unrelated to sleepiness. In contrast, the relationship between sleepiness and age remained strong with these other variables controlled.
We next removed age from the model and used mixed-effect analysis to test the main hypothesis of this article, whether the increase in sleepiness was related to the DPD decline independently of changes in sleep schedule. These results are presented in Table 3 . In each analysis, sleepiness was strongly related to DPD with the sleep-schedule measure controlled. Thus, with sleep-schedule changes controlled, increasing sleepiness was still significantly related to declining DPD. With DPD controlled, only self-reported time in bed was significantly related to sleepiness. Other sleep-schedule measures, sexual maturation, and sleep-duration measures were unrelated to sleepiness with DPD controlled.
As shown in Table 2 , in C12, the F value for the relationship between sleepiness and theta power density, 39.8, was higher than that for sleepiness and DPD, 27.9. We, therefore, tested whether increasing sleepiness was more strongly related to declining delta or theta power density. With the decline in DPD controlled, increasing sleepiness was significantly (F 1,185 = 6.87, P = 0.0095) related to declining theta power density. With the decline in theta power density controlled, sleepiness was not significantly related to declining DPD (F 1,186 = 0.01, P = 0.94). In similar analyses with alpha, sigma, low beta, and high beta frequency bands, the relationship between delta and sleepiness persisted. Only theta was more strongly related to sleepiness than was delta.
DISCUSSION
The longitudinal data presented here support our hypothesis that the brain changes indexed by declining DPD contribute to increasing daytime sleepiness. Increasing sleepiness was strongly Figure 1 . Total sleep time declined significantly with age in both cohorts. Non-rapid eye movement sleep duration declined significantly in C12 but did not in C9. Despite a large increase in rapid eye movement duration at the sixth recording in C12, rapid eye movement sleep duration declined with age in both cohorts.
Adolescent Sleepiness Linked to EEG Decline-Campbell et al related to declining NREM delta power even with the changes in sleep schedule statistically controlled. Before interpreting this relationship, we briefly discuss the longitudinally measured changes in sleepiness, sleep schedule, sleep duration, and EEG power.
In general, these longitudinal data confirm previous findings from studies that were primarily cross-sectional. Our data show that, across early adolescence, sleepiness increases, bedtimes become later, sleep durations decrease, and EEG power density declines.
Sleepiness Increases Across Adolescence
Our longitudinal data confirm previous findings that sleepiness increases with age across early adolescence. In pioneering studies, Carskadon et al 13, 33 documented with the MSLT that adolescents were sleepier during the day than were preadolescents even when time in bed was set at 10 hours for both groups. They attributed the increasing sleepiness to pubertal development (Tanner Stage); however, they did not indicate how age and pubertal development effects were separated. Our longitudinal data show that subjective sleepiness is strongly related to age rather than pubertal development when the contributions of these variables are separated with mixed-effect analysis.
Change in Sleep Schedule with Age
Cross-sectional surveys of children in many industrialized societies have documented changes in sleep schedule in adolescence. Studies from Canada, 3, 5 Finland, 7 Iceland, 9 Japan, 8 Korea, 11 Taiwan 2 , Switzerland, 4 and the United States 10 have found later bedtimes with increasing age or grade level. Results were mixed as to whether rise times changed with age. Our longitudinal finding that bedtimes become progressively later on school nights in both the C9 and C12 cohorts fits well with these data. Our longitudinal data also confirm the cross-sectional finding that, even though rise time does not change significantly with age, it is significantly related to bedtime. 6 Thus, even on school days, as adolescents go to bed later at night, they rise later the following morning. However, the change in rise time is smaller than the change in bedtime. As others have previously documented, a decline in sleep duration accompanies these changes in sleep schedule. These analyses show that sleepiness is strongly related to delta power density (DPD) when each measure of the sleep schedule is controlled. Self-reported time in bed is the only sleep-schedule variable that retains a significant relationship to sleepiness when DPD is controlled. Figure 1 . Delta (1-4 Hz) power density declined linearly across the 6 recordings in cohort C12, from age 12 to age 15 years. In cohort C9, the decline in delta power density with age was due to a decrease from the fourth to fifth recording. The 4-to 8-Hz power density declined linearly in both cohorts. (C) All-night total non-rapid eye movement sleep delta power showed the same relationship to age as did the delta power density.
NREM EEG Power Density Declines with Age
We recently reported that NREM DPD does not change between ages 9 and 11 but declines steeply between ages 12 and 14. 19 The current study expands the time frame of these longitudinal recordings by 1 year. In the C9 cohort, DPD declines significantly between ages 11 and 12, confirming our supposition that this age range would mark the start of the DPD decline. In the C12 cohort, the linear DPD decline we previously described for ages 12 to 14 continues through age 15. Total NREM delta power also declines steeply between ages 12 and 15 years. Total delta power is the product of all night DPD and NREM duration. If the homeostatic model of delta is correct, total delta power reflects the total nightly brain recuperation. The data show that this index of recuperation changes with age in nearly the exact same manner as DPD in the first 5 hours of NREM. The similarity of the age effects on these 2 measures is not surprising. For the C12 cohort, the first 5 hours of NREM contain 90% to 95% of the total delta in the night.
The steep linear delta decline (~10,000 µV 2 second per year) observed in C12 between ages 12 and 15 cannot be maintained across the remainder of adolescence. At this rate, DPD would reach zero before age 20. We hypothesize that the decline will slow markedly shortly after age 15. If so, the ages 12 to 15 will mark the peak period of the maturational brain reorganization reflected by the delta EEG decline.
The power density decline is not limited to the delta frequencies. Power density in all frequency bands between 0.3 and 30 Hz decline significantly between ages 12 and 15. This decline is greatest in frequencies less than 12 Hz, the same frequencies that respond homeostatically to sleep deprivation. 34 Sleep EEG changes across childhood and adolescence have also been noted with cyclic alternating pattern analysis. 35, 36 Cyclic alternating pattern subtype A1 is lower in teenagers than in children and lower in adults than in teenagers.
As noted in the beginning of this paper, we propose that the DPD decline reflects adolescent brain maturation driven by synaptic pruning. 15, 16 A decrease in synaptic connectivity could decrease slow-wave EEG activity by 2 mechanisms. First, decreases in connectivity would decrease the size of the pool of neurons capable of synchronous oscillation. The amplitude of the EEG recorded at the scalp partly depends on the number of cortical neurons oscillating in unison. This mechanism should affect the amplitude of the entire EEG spectrum. Second, synaptic pruning should reduce the homeostatic need for sleep. Decreased connectivity would reduce homeostatic need because it would reduce the intensity of waking brain activity; waking brain activity along with waking duration determine the need for recuperation. 17 The fact that age-related changes in synaptic density parallel the decline in waking cerebral metabolic rate 16 is consistent with our view. Thus, as synaptic connectivity and the intensity of waking brain activity decline across adolescence, the need for the sleepdependent recuperation (and delta EEG) diminishes. This mechanism should disproportionately reduce power in homeostatic EEG frequencies. These include, notably, theta as well as delta EEG. 34 In C12, theta power density declined across ages 12 to 15 years in parallel with DPD. However, the patterns of decline differed in the C9 cohort. C9 showed a robust decrease in theta across ages 9 to 11 years, an age range across which delta did not change. This dissociation has not previously been observed.
One would expect theta to be affected by both mechanisms proposed above to explain the delta decline. It seems possible that different processes or sites govern the generation of theta waves and delta waves. This proposal is consistent with findings from multilead recordings of EEG topography that show a frontal predominance for NREM delta and an occipital predominance for NREM theta. 37 The cyclic alternating pattern A1 subtype also shows frontal predominance. 38 Although the EEG amplitude recorded at an electrode is affected by volume conduction of activity from other areas of the brain as well as from the areas under the electrode, the different EEG topography of delta and theta supports the idea that these frequencies are generated in different brain areas. Therefore, the different patterns of theta and delta decline across adolescence may represent differences in the timing of synaptic pruning in different brain regions. A longitudinal structural magnetic resonance imaging study found different patterns of change in grey-matter thickness across adolescence that were attributed to regional differences in synaptic pruning. 39 The decline in frontal grey-matter thickness closely matches the timing and the sex difference in the delta EEG decline. Parietal grey-matter thickness begins to decline slightly earlier than does frontal, and occipital grey-matter thickness increases across adolescence.
Although our working hypothesis is that synaptic pruning causes the adolescent EEG power density decline, we acknowledge that other factors may be involved. Other cerebral factors could decrease the average membrane change per neuron, an effect that would also reduce EEG amplitudes. However, it is unlikely that extracerebral factors such a skull thickening can explain the adolescent EEG power-density decline. Such factors could not explain the different behavior of theta and delta in C9 and could not explain our recent finding that delta-wave incidence, as well as amplitude, declines significantly across adolescence.
Increasing Sleepiness is Related to Changing Sleep Schedule
In the C12 cohort, increasing sleepiness was related to both actigraphy and self-reported bedtimes. Sleepiness was also related to self-reported time in bed. Surprisingly, we found no significant relationship between sleepiness and any measure of sleep duration (total sleep time, NREM duration, or REM duration). Therefore, the relationships between increasing sleepiness and sleep-schedule changes are not due to the decline in sleep duration associated with the change in schedule. This result is less surprising when one considers that, in C12, average total sleep time declined by only 17 minutes between ages 12 and 15, whereas bedtime became 56 minutes later. In addition to the difference in the magnitudes of the sleep-duration and bedtime changes, we propose 2 possible explanations for the paradox that sleepiness is related to bedtime but not sleep duration.
1. Sleepiness is related to bedtime but not sleep duration because a circadian phase shift produces both later bedtimes and daytime sleepiness. Relative to preadolescents, adolescents have a phase shift to later times. 1, 40 This circadian phase shift either allows or causes later bedtimes. The phase shift, accompanied by a fixed wake time, would also result in waking near the peak in circadian propensity for sleepiness. This would produce intense sleepiness in the morning hours. Unfortunately we cannot yet evaluate this possibility because our sleepiness questionnaire did not address the timing of daytime sleepiness. The questionnaire has been modified so that we can examine this possibility in the C9 cohort as the subjects enter the age range of strongly increasing sleepiness.
2. Sleepiness is related to bedtime but not sleep duration because later bedtimes more accurately reflect the slower accumulation of sleep need. A sleep-deprivation study confirmed that, at clock times between 22:30 and 02:30, sleep latency was shorter in prepubertal children than in mature adolescents. 41 Relative to preadolescents, adolescents have a slower rate of delta accumulation ("Process S" in the 2-process model 42 ) during waking. 43 The slower rate of Process S accumulation should delay the time at which Process S accumulates to the point of inducing sleep, allowing delayed bedtimes. This would be consistent with our hypothesis that decreased intensity of waking brain activity underlies the reduced rate at which the need for recuperation accumulates, and also reduces daytime arousal level. Thus, decreased waking brain activity could contribute to the relationship between sleepiness and bedtime. Decreased waking brain activity could permit increased daytime sleepiness by reducing daytime arousal level. It could also lead to later bedtimes because sleep need accumulates more slowly.
Increasing Sleepiness is Related to Declining NREM EEG Power Density
The main hypothesis of this study was that increasing daytime sleepiness would be related to declining DPD independent of changes in sleep schedule. The data here strongly support this hypothesis. In the C12 cohort, sleepiness was significantly related to DPD with each measure of sleep-schedule change controlled. However, delta was not the only EEG frequency to which sleepiness was related. Increasing sleepiness was significantly related to the decline in power in all EEG frequencies between 0.3 and 30 Hz. To our surprise, sleepiness was more strongly related to theta than to delta power. The basis for the stronger relationship to theta is not obvious. It is tempting to propose that the well-established relationships between waking theta and episodic memory and attention (cf 44, 45 ) bear on the relationship between increasing sleepiness and declining NREM theta-power density. However, we know of no studies suggesting that NREM theta and waking theta are related. In fact, intracranial EEG recordings from epileptic patients have found that hippocampal and neocortical theta waves recorded during REM sleep and quiet waking were absent during NREM sleep. 46 We speculate that adolescent brain maturation produces the relationship between increasing sleepiness and declining EEG power density. According to this speculation, prior to adolescence, more-intense waking brain activity (associated with higher cerebral metabolic rate) produces a level of arousal that precludes daytime sleepiness. We propose that this same intense waking brain activity produces a greater need for the recuperative processes of sleep, accounting for the higher levels of delta and theta EEG power in preadolescents. As synaptic pruning occurs during adolescence, EEG power density declines and waking brain activity declines in intensity, allowing daytime sleepiness to emerge. This indirect link between EEG power and sleepiness may explain why sleepiness was more strongly related to age than to any other predictor variable, i.e., waking brain activity is a missing covariate. Alternatively, the strong relationship of increasing sleepiness to declining theta may indicate that the brain regions giving rise to NREM theta are particularly important for arousal and that pruning in these regions diminish arousal levels. These 2 interpretations cannot be directly tested because current methods of measuring waking brain metabolism require radioactive tracers that preclude measurement in normal children and synaptic density measurements require histologic examination of brain sections. Until synaptic density or waking brain metabolism can be measured indirectly, it remains possible that the sleepiness increase, the delta power decrease, the synaptic connectivity decrease, and the waking brain metabolic rate decrease are independent maturational brain changes controlled by biologic age through mechanisms yet to be elucidated.
A less plausible interpretation of the relationship between increasing sleepiness and decreasing delta and theta power density is that adolescents become sleepier during the day because their nighttime sleep provides less recuperation. This explanation seems unlikely, in part, because sleepiness and delta are not tightly linked. Partial sleep deprivation strongly increases sleepiness even though delta power remains at baseline levels. 47 Furthermore, delta behaves homeostatically. If the need for recuperation were to increase, DPD should increase to meet this need. We think it more likely that the declining delta reflects a declining need for brain recuperation, associated with decreasing synaptic density and waking brain metabolic rate.
Limitations
As noted above, the topography of EEG changes across adolescence could have been evaluated with a greater number of EEG electrodes. Although we present only central derivations in this paper, we did record from Fz and from O1 and O2. Future analysis of signals from these leads will provide some gross assessment of topographic changes. We also noted above that the Epworth sleepiness ratings are subjective and do not provide an indication of the timing of daytime sleepiness. It would be interesting if an objective measure, such as the MSLT, shows the same relationship to the EEG changes of adolescence. Finally, we note that although ambulatory EEG recordings provide a measure of a subject's sleep EEG in his or her natural environment, these recordings occur without the careful control provided by a laboratory setting. All of these limitations arise because of compromises we thought necessary for a longitudinal study. If we had increased the burden on the subjects, falling retention rates might have precluded the analyses necessary to address the main hypothesis of this article.
CONCLUSIONS
This study shows that increasing daytime sleepiness in adolescents is related to declining EEG power density independent of concomitant changes in sleep schedule. We found no relationship between increasing daytime sleepiness and declining sleep duration. These longitudinal data do not contradict the cross-sectional evidence that subjects who sleep less are sleepier during the day (cf 3 ) or that this sleepiness can impair their daytime functioning. 3, 10 Our data show that the increase in sleepiness within subjects is unrelated to their sleep-duration decline (which averaged only 17 minutes between ages 12 and 15 years). These results support the hypothesis that intrinsic brain maturation processes in adolescence contribute to increas-ing daytime sleepiness. These findings add to the public health concerns about adolescent sleepiness that have previously focused on changes in sleep schedule. Adolescents should be aware that they have a biologic tendency toward daytime sleepiness and that insufficient nighttime sleep would compound this condition.
